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(57) Abstract 

A method and apparatus for measuring the temperature and strain within a structure consists in having optical fibres incorporated in 
the structure, passing pulses of light down the fibre and detecting the backscattered light. The backscattered light has a changed wavelength 
compared with the incident light depending on the strain at the point from where it is backscattered, (the Brillouin shift) and by having a 
scan rate of an optical scanning filter slower than the repetition rate of the optical pulses and by accurately measuring both the amplitude 
and frequency of the Brillouin scattered light as a function of time and comparing it with a reference optical fibre it is possible to measure 
the temperature and strain at positions along the optic fibre. The invention can be used to measure temperature rises and strains induced 
distributed through a structure. 
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Distributed Strain and Temperature Sensing System 



The present invention relates to an apparatus for the simultaneous measurement of 
temperature and strain in optical waveguides and, in particular, relates to strain and 
temperature measurements in monomode optical fibres. 

There is a need to monitor distributions of temperature and/or strain in many fields of 
engineering from power station steam pipes to smart structures and aircraft bodies. The 
sensors often need to cover large volumes, to be integrable into complex structures and to 
be immune from interference by electromagnetic fields. Optical-fibre sensors should be 
able to fulfil these requirements. Commercial sensing systems are available which use 
optical fibres to measure temperature distributions. However, these systems are not 
capable of measuring distributed strain. If strain could be measured then the fibres could 
be embedded into critical structures, such as aircraft components, bridges and dams and be 
used to give advance warning of possible failure. The measurement of strain would also 
allow the measurement of pressure, since the act of squeezing a fibre extends it. A 
particular application for such a system is in the field of oil exploration where the fibre can 
be used as a distributed pressure (and temperature) sensor down a bore hole. 

Optical-fibre sensors which measure variations of a parameter along the fibre length can be 
divided into two classes: quasi-distributed and fully distributed. In quasi-distributed 
sensing, certain sections of the fibre are modified and used for local measurement and the 
rest is used simply to carry the light from sensor to sensor and, finally, to the detector. In 
fully distributed sensing, the fibre is unmodified and the whole length is used for light 
transmission and sensing. Fully distributed sensors are the more flexible and can be used 
with fibres already in place, allowing applications such as diagnostics of optical-fibre 
communication networks. 

A possible technique for the fully distributed measurement of strain/temperature is based 
on the Brillouin effect. Here, a fraction of the optical power launched down a fibre is 
scattered at some point in the fibre, causing it to change optical wavelength and return 
towards the optical source. Critically, the wavelength of the returning light depends upon 
the strain/temperature of the fibre at the point at which the light was scattered. The 
wavelength of the returning light can then be measured to yield the strain/temperature in 
the fibre from the point at which the returning light was generated. If the incident light is 
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launched as a short pulse, then by recording the wavelength of the returning light as a 
function of time, the strain/temperature at all points along the fibre can be measured. 



There are two techniques w 7 hich can be used to detect strain only, or temperature only, 
from the measurement of the Brillouin shift: (1 ) using a pump-probe system to produce 
frequency-dependent Brillouin power; (2) using optical heterodyning to detect the 
Brillouin signal. However, both methods require special arrangements of fibres to 
deconvolve the temperature and strain information. For example, one solution that has 
been suggested is to pass a single fibre twice over the same region in such a way that one 
section is isolated from the strain and only affected by temperature. This approach makes 
the installation of the sensing optical fibre cable complicated and cannot be used with the 
existing optical fibre networks. 

If it is desired to measure strain and temperature simultaneously along the same length of a 
single optical fibre, then both the amplitude and frequency shift of the Brillouin 
backscattered light has to be detected. Technique (1) would fail, as the stimulated 
Brillouin power produced would be practically independent of the temperature and strain 
due to the non-linear interaction of the pump and probe beams. Technique (2) would have 
difficulties due to polarisation noise-induced signal fading. 

Another technique (3), used in the detection of temperature, is to measure the power of the 
Brillouin backscattered signal using a narrow bandwidth optical filter. However, this is 
not practical as: 1) amplitude variations due to drift in the optical filter response and the 
optical source wavelength; 2) strain cannot be determined from measuring only the 
Brillouin backscatter power. 

We have devised a distributed sensing system which overcomes these difficulties. 

The technique we have devised provides for referencing to overcome any optical filter or 
source frequency drift and to accurately detect both the amplitude and frequency of the 
Brillouin scattered light as a function of time and, therefore, allowing simultaneous 
measurement of strain and temperature distributions along the same length of optical fibre. 
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According to the present invention there is provided apparatus for simultaneous 
measurement of temperature and strain distributions, which apparatus comprises a light 
source for generating pulses of light, a sensing network which comprises at least one 
optical fibre down which can pass pulses of light generated by the light source, a 
conversion means adapted to convert physical parameters into changes of strain or 
temperature along the sensing optical fibre thereby modifying the spectral response of the 
backscattered light passing back down the optical fibre (Brillouin backscatter and 
Rayleigh backscatter signals), a reference section subjected to known magnitude of the 
physical parameters, a receiver means in which a portion of returned light is passed on to a 
scanning optical filter able to resolve the Rayleigh peaks and Brillouin peaks and in which 
the optical signals are converted to electrical signals which are then fed into a processor 
means; the scan rate of the scanning optical filter being slower than the repetition of the 
optical pulses allowing the spectral light of the backscattered light to be recorded along the 
length of the optical fibre and both the amplitude and frequency shift of the Brillouin 
peaks relative to the Rayleigh peaks to be accurately measured from which temperature 
and strain distributions along the same length of optical fibre can be determined. 

Light is transmitted down the optical fibre and backscattered light is transmitted back 
down the fibre. This light will be predominately of the same wavelength as the transmitted 
light (the Rayleigh peak), but some of the light will have a frequency shift due to the 
interaction of the energy of the vibrational state of the optical fibre and the light (the 
Brillouin peaks). There can be either addition of energy to the light, which gives 
backscattered light of a shorter wavelength (anti-Stokes scattering) or there can be removal 
of energy from the light which gives backscattered light of longer wavelength (Stokes 
scattering). The amplitude of the Brillouin peaks and the frequency shift of the Brillouin 
peaks compared with the Rayleigh peak is a measure of the strain and the temperature of 
the optical fibre at the position from where the light is backscattered. 

The light source preferably generates coherent light in the visible or infrared spectrum, e.g. 
it is a laser, and conventional lasers can be used. The light source can be a narrow 
linewidth laser and it can be a solid-state laser, semiconductor laser diode or fibre laser 
source and it can include an external cavity for controlling the linewidth and the operating 
wavelength. 
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The modulating means pulses the light from the light source so that light is transmitted 
down the optical fibres in pulses, the light can be modulated using Q-switched, mode- 
locked or direct modulation techniques or it may be modulated by an external modulator 
such as an acoustic optic modulator or an integrated optics modulator. 

Preferably there is an amplifying means which can amplify the backscatter light and 
optical pulses. Optical amplifiers may be used to amplify the optical signals at the 
transmitter, receiver and in the sensing network means and the amplifiers may be solid 
state semiconductor or optical fibre amplifiers. 

The conversion means converts the parameter to be measured to a strain or temperature 
change in the optical fibre, for example if movement within the structure is to be 
measured the conversion means can be means which attaches the fibre to the structure. For 
measuring pressure or detecting electric fields within the structure piezo electric devices 
can be incorporated. If microwave radiation is to be detected the fibre can be coated with a 
conductor such as graphite. 

In order to improve the quality of the signals and to separate the Brillouin peaks from 
background noise, it is preferable to superimpose and average a series of signals so that an 
improved signal to noise is obtained. However, owing to variables such as drifts in optical 
filter response and source wavelength etc., this has not been conventionally practical. 
However, we have found that if the backscattered signal is normalised with reference to 
the Rayleigh peaks which are larger (about sixty times) than the Brillouin peaks and are 
relatively insensitive to temperature and strain and then the normalised signals averaged 
and superimposed, the Brillouin peaks are obtained with a much better signal to noise 
ratio. 

The rate of scan of the optical filter is at a much slower rate than the pulse repetition rate 
of the pulses of light. This enables the wavelength spectra of the backscattered light to be 
recorded for each section along the optical fibre. The position from where the 
backscattered light comes is determined by the time interval between the transmission of 
the pulse and the return of the backscattered light. 

In operation a pulse of light is transmitted down the optical fibre and the filter is set to a 
narrow bandwidth, when the return of backscattered light within this filter range is 
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received at a noted time (which gives the location down the optical fibre of the position 
where the backscattered light comes from), the amplitude and the optical pass frequency 
are noted, by doing this for several time intervals and several optical pass frequencies, 
spectra at various locations along the optical fibre can be obtained. The filter is set so that 
the Rayleigh peak (which is at the frequency of the transmitted light) is detected and the 
bandwidth of the filter will also detect the Brillouin peaks. In operation the optical filter 
scans the wavelength across a range to detect the Brillouin peaks and the Rayleigh peaks. 
This process can be carried out for many locations down the optical fibre for each pulse of 
light. 

The operating wavelength of the optical source means and/or the dispersion characteristics 
of the sensing optical fibres may be adjusted in such a way that the pulse and generated 
forward scatter Raman Stokes signals travel down the optical fibre with different 
propagation velocities and they walk-off over a sufficient length to avoid stimulated 
Raman scattering and thereby allowing high pump powers and longer sensing optical 
fibres to be used. 

There is section of the optical fibre at a known temperature and strain which can be used 
as a reference and by measuring the amplitude and frequency shift of the Brillouin peaks 
for the reference section to calibrate the data received from other points into temperature 
and strain measurements. 

Preferably a filter such as an interference filter, e.g. as a Fabry-Perot interferometer, is 
used to resolve the Brillouin spectrum. Conventionally, such interferometers are chosen 
such that the entire spectrum of interest lies within one free spectral range (FSR) of the 
interferometer. The FSR is the frequency range within which all spectral information will 
be displayed such that any peaks with frequency outside the FSR will still be displayed 
inside the FSR. However, this is conventionally undesirable as it may lead to an 
unpredictable overlapping of peaks. Preferably in the present invention, the FSR is chosen 
to be less than the Brillouin shift. This enables some of the frequency band between the 
Brillouin peaks and the Rayleigh peak not to be scanned and so a much smaller scan 
range can be used to capture the spectral response. 

For the same spectral resolution, this technique requires the collection of around one 
hundredth of the points required by the conventional technique. Since the data are usually 
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handled many times in data processing programs, this yields a great saving on the time 
required to make the strain and temperature measurements. 



In order to measure the temperature, the ratio of the amplitude of the Brillouin peaks 
against the Rayleigh peaks is measured and the frequency shift is a measure of the strain. 

The optical signals obtained are converted into electrical signals, fed into a computer and 
recorded in the desired form. The reference signal is generated by the reference section 
and this is preferably fed into the same computer. 

The detection means may be low-noise photodetectors with internal gain such as 
avalanche photodiodes. 

In order to form a larger sensing network, a plurality of optical fibres or optical fibre 
cables can be dispersed in the structure to be monitored, e.g. a pipe circuit or downhole in 
a rock formation. By use of the apparatus and method of the invention, the temperature 
and strain can be measured at any point. 

The measurements are calibrated with respect to the spectral response of the sensing 
section and the strain and temperature distribution along the sensing fibre are computed by 
measuring the relative amplitude and position of Brillouin peaks. 

The invention is described with reference to the accompanying drawings in which:- 

Figure lis a diagram of an embodiment of the present invention, in which optical fibres are 
used and the source means is externally modulated and then amplified. 

Figures 2-4 are diagrams of traces of backscattered light recorded at different scanning 
positions of the optical filter means showing how the spectral responses at different 
sensing locations are computed and the drift in the optical filter and the source wavelength 
are corrected for, prior to signal averaging. 

Referring to Fig. 1 , a light source (1) comprising a laser is connected by optical fibre (2) to 
a pulse modulator (3) which transmits light in pulses and then to light amplifier (4). The 
optical fibre passes through coupler (5). 
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In the structure to be monitored, shown generally at (6), the optical fibre (13) is fed 
through the structure where the strain and temperature is to be measured. There is a 
reference section at (14) where the temperature and strain is known to be used as a 
calibration measurement. 

A detection means (12) may be used to monitor the light transmitted to the sensing 
network means (6). At the receiver unit (7), a portion of the backscattered light is passed 
onto a scanning optical filter (8) which selects a narrow range of wavelengths. The optical 
power of the selected wavelength range is measured and converted to electrical signals 
using the detection unit (9). Another portion of light is also directly monitored with a 
detection unit (10) for measuring the Rayleigh backscattered light for each measurement 
point. A computing means (11) records the returned backscattered light as a function of 
time. The optical filter (8) is scanned at a slower rate compared to the pulse repetition rate 
of the source means (1). This allows the backscattered light to be captured at different 
selected wavelengths by sending many optical pulses during one scan cycle. The 
backscattered traces are combined to construct the full spectral response of the 
backscattered light along the sensing fibre, as indicated in Figure 2. Each spectral 
response, corresponding to a different section of fibre, is normalised with reference to its 
Rayleigh peak which is insensitive to temperature and strain and is relatively immune to 
signal noise. In addition, the output of detection unit (10) can be used to normalise each 
measurement point relative to Rayleigh signal and to compare it with the Rayleigh peaks 
detected with detection unit (9) after passing through optical filter (8) to improve the 
measurement accuracy. The measurements are calibrated with respect to the spectral 
response of the sensing section (13) and the strain and temperature distribution along the 
sensing fibre are computed by measuring the relative amplitude and position of Brillouin 
peaks. 

Referring to Figs. 2, 3 and 4:- 



The figure shows the results from positions 1 to 5 on the optical fibre (13). As an optical 
pulse propagates down the waveguide, the pass frequency of the optical filter is noted and 
the returning signal is measured as a function of time. After a short time, to allow the pass 
frequency of the filter, which is scanning slowly, to increase, a second pulse is launched, 
the pass frequency is again noted and the returning signal is again measured as a function 



Figure 2 
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of time. Referring to position 1 the filter is set to the frequency f and the amplitude of the 
backscattered light at that frequency is measured, this is repeated for frequencies f 2 , f 3 etc. 
to obtain the spectrum at position 1 shown as f n , f J2 and f j3 etc. Corresponding 

measurements are simultaneously made for each pulse at positions 2 to 5 along the optical 
fibre (13), the result for position 2 is shown as f f ; the result for position 3 is shown as 

f f 32 ; the result for position 4 is shown as the result for position 5 is shown as 

f , f J2 respectively. 

The process is continued until the entire frequency spectrum is collected. A computer 
program then transposes the data such that it is stored in arrays containing the frequency 
spectra at the positions of interest in the fibre (the frequency spectra shown at positions 1- 
5 in the fig.). A peak detection program then measures the height of the peaks and their 
mutual frequency separation and from this the temperature and strain at the positions of 
interest (here positions 1-5) are deduced. The process used to average the data, if required, 
is specified in Figure 3. 

Figure 3 

This figure illustrates the averaging technique for obtaining better spectra. For each filter 
scan the spectrum at each location may be slightly displaced so that if they are averaged 
the type of spectrum shown in spectrum 3 is obtained. 

Spectra 1 and 2 represent frequency spectra recorded from the same position in the fibre, 
at different times, with the purpose of averaging the spectra to reduce noise. Due to the 
drifts of optical filters, laser sources and variations in the scan position etc. the spectra 
appear to have shifted relative to one another. If conventional averaging were used, this 
would cause significant broadening of the processed spectrum and so give inaccurate 
temperature and strain measurement as shown in spectra 3. 

A technique is used whereby peak detection scheme finds the dominant Rayleigh peak and 
"shifts" the spectra to be averaged such that the Rayleigh peaks of each spectra are 
overlaid this gives the improved result shown in spectra 4. This technique is reliable as (1) 
the Rayleigh peak is insensitive to temperature and strain; (2) the Rayleigh peak is large 
(about sixty times larger than the Brillouin peaks) and so relatively immune from noise; 
(3) any filter drift affects the peaks equally. 
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Figure 4 

The conventional use of an optical filter in analysing the Brillouin spectrum is shown in 
Fig. 4a. Here the FSR is greater than the frequency difference between the Brillouin 
peaks, and many data points have to be collected to capture the spectral response. In this 
embodiment, the FSR is chosen to be less than the Brillouin shift. Here the Brillouin 
peaks are "projected back" and a much smaller scan range is used to capture the whole 
spectrum. 



For the same spectral resolution, this technique requires the collection of around one 
hundredth of the points required by the conventional technique. Since the data are usually 
handled many times in data processing programs, this yields a great saving on the time 
required to make the strain and temperature measurements. 
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Claims 



1. Apparatus for simultaneous measurement of temperature and strain distributions, which 
apparatus comprises a light source for generating pulses of light, a sensing network which 
comprises at least one optical fibre down which can pass pulses of light generated by the 
light source, a conversion means adapted to convert physical parameters into changes of 
strain or temperature along the sensing optical fibre thereby modifying the spectral 
response of the backscattered light passing back down the optical fibre (Brillouin 
backscatter and Rayleigh backscatter signals), a reference section of optical fibre subjected 
to known magnitude of the physical parameters, a receiver means in which a portion of 
returned light is passed on to a scanning optical filter able to resolve the Rayleigh peaks 
and Brillouin peaks and in which the optical signals are converted to electrical signals 
which are then fed into a processor means; the scan rate of the scanning optical filter being 
slower than the repetition of the optical pulses, allowing the spectral light of the 
backscattered light to be recorded along the length of the optical fibre and both the 
amplitude and frequency shift of the Brillouin peaks relative to the Rayleigh peaks able to 
be accurately measured from which measurements temperature and strain distributions 
along the same length of optical fibre can be determined. 

2. Apparatus as claimed in claim 1 in which the light source is a laser which generates 
light in the visible or infra red spectrum. 

3. Apparatus as claimed in claim 1 or 2 in which the modulating means is adapted to pulse 
the light from the light source so that the light is transmitted down the optical fibres in 
pulses. 

4. Apparatus as claimed in any one of claims 1 to 3 in which there is an amplifying means 
which amplifies the back scatter light and optical pulses. 
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5. Apparatus as claimed in any one of the preceding claims in which the conversion 
means is able to convert the amplitude and frequency shift of the Brillouin peaks relative 
to the Rayleigh peaks to a strain or temperature change in the optical fibre. 

6. Apparatus as claimed in any one of the preceding claims in which there is an 
interference filter to resolve the Brillouin spectrum. 

7. Apparatus as claimed in claim 6 in which the free spectral range of the interference 
filter is less than the Brillouin shift of the backscattered light. 

8. A sensing network for monitoring a structure in which there is a network of optical 
fibres dispersed in the structure which network comprises apparatus as claimed in any one 
of the preceding claims. 

9. A method for the simultaneous measurement of temperature and strain distributions in 
a structure which comprises generating pulses of light, passing the pulses of light down a 
sensing network which comprises at least one optical fibre incorporated in the structure, 
converting physical parameters into changes of strain or temperature along the sensing 
optical fibre thereby modifying the spectral response of the backscattered light passing 
back down the optical fibre (Brillouin backscatter and Rayleigh backscatter signals) 
detecting the backscattered light and resolving the Rayleigh peaks and Brillouin peaks of 
the backscattered light and converting the optical signals to electrical signals which are 
then fed into a processor means; there being a reference section subjected to known 
magnitude of the physical parameters, in which method a portion of returned light is 
passed on to a scanning optical filter which has a scan rate slower than the repetition rate 
of the optical pulses, recording the spectral light of the backscattered light along the length 
of the optical fibre and measuring both the amplitude and frequency shift of the Brillouin 
peaks relative to the Rayleigh peaks and by comparing with the signals from the reference 
section determining the temperature and strain distributions along the length of optical 



fibre. 
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10. A method as claimed in claim 9 in which a plurality of back scattered signals are 
superimposed by normalising each backscattered signal with reference to the Rayleigh 
peak and superimposing and averaging the normalised signals to obtain an average value. 



11. A method as claimed in claim 9 or 10 in which the position along the fibre from 
where the backscattered light comes is determined by the time interval between the 
transmission of the pulse and the return of the backscattered light. 
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Figure 2: Data collection 
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Averaged Spectrum using our invention 



Figure 3: Data Averaging 
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a) Conventional use of Optical filter 
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b) Our invention's use of optical filter 



Figure 4 Use of optical filter 



optical frequency 



SUBSTITUTE SHEET (RULE 26) 



INTERNATIONAL SEARCH REPORT 



Int. Clonal Application No 

PCT/GB 97/03454 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC 6 G01D5/353 



AcDord;rg to International Patent Classrf cation (IPC) cr to both national class.ficat:on and IPC 



B. FIELDS SEARCHED 



Minimum documentation saarcned (classification system followed by classification symbols) 

IPC 6 G01D 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practical, search terms used) 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 0 Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



WAIT P C ET AL: " LANDAU PLACZEK RATIO 

APPLIED TO DISTRIBUTED FIBRE SENSING" 

OPTICS COMMUNICATIONS, 

vol. 122, no. 4/06, 1 January 1996, 

pages 141-146, XP000548781 

see the whole document 

T0SHI0 KURASHIMA: "BRILLOUIN 
OPTICAL-FIBER TIME DOMAIN REFLECTOMETRY" 
IEICE TRANSACTIONS ON COMMUNICATIONS, 
vol. E76-B, no. 4, 1 April 1993, 
pages 382-389, XP000378270 
see figure 9 



1-3 



1-3 



□ 



Further documents are listed in the continuation of box C. 



□ 



Patent family members are listed in annex. 



4 Special categories of cited documents : 

"A" document defining the general state of the art which Is not 

considered to be of particular relevance 
"E" earlier document but published on or after the international 

filing date 

V document which may throw doubts on priority claim(s) or 
which ts ated to establish the publication date of another 
citation or other special reason (as specified) 

"O" document referring to an oral disclosure, use, exhibition or 
other means 

*P" document published pnor to the international filing date but 
later than the priority date claimed 



*T" later document published after the International filing date 
or priority date and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

"X" document of particular relevance: the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document Is taken alone 

"Y" document of particular relevance; the claimed Invention 

cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skrfled 
in the art. 

document member of the same patent family 



Date of the actual completion of the international searcn 



2 March 1998 



Date of mailing of the international search report 



09/03/1998 



Name and mailing address of the ISA 

European Patent Office, P 8 5818 Patentlaan2 
NL - 2280 HV Rijswijk 
Tel. (+31-70) 340-2040. Tx. 31 651 epo r.l, 
Fax: (+31-70) 340-3016 



Authorized officer 



Ramboer, P 



Form PCT/1SV210 (second sh««t) (July 1992) 



